An industrial strain of Bacillus subtilis (natto) was used to produce poly-gamma-DL-glutamate (PGA), a polymer of DL-glutamate linked by a -peptide bond. In spite of efforts to improve PGA production by modifying the medium, little attention has been paid to the expression of the PGA synthetase gene. In this study, we investigated the expression of the PGA synthetic gene and the PGA product under various conditions with the LacZ-fusion of the synthetic gene (pgsB-lacZ). The 5 0 upstream regulatory region of the pgsB gene was also investigated by constructing deletion mutations of lacZ-fusion. The pgsB-lacZ was clearly expressed in the early stationary phase and was abolished by degU gene disruption. The results showed that pgsB-lacZ expression was repressed in rich media, and that PGA production was limited by the substrate supply rather than by the amount of synthetase. Adding D-glutamate to the medium reduced PGA production and synthetic gene expression. The transcription start point was determined by primer extension, and it was found that up to À721 bp (translation start point = +1) of the 5 0 untranslated region (UTR) was required for optimal pgsB-lacZ fusion gene expression.
PGA is a good water absorbent, and when dissolved in water, it exhibits features such as metal ion chelation, cryoprotection, and flocculation. Moreover, it is used as a thickener and a humectant. [9] [10] [11] [12] [13] Recent studies have proposed medical applications for PGA. [14] [15] [16] [17] [18] [19] The pgsBCAywtC operon of B. subtilis (natto) directs PGA synthesis, 1, 20, 21) and the gene products PgsB, C, A, and YwtC are thought to form a PGA synthetase complex in the cytoplasmic membrane. 1, 3) PgsB is an ADP-forming ATPase belonging to the MruD family, and is considered to have a catalytic center for polymerization. 1, 20, 21) PgsA and YwtC genetically interact, 1, 22) but the precise functions of PgsA, PgsC, and YwtC are still obscure, even though they are essential for PGA synthesis. PGA is a polymer of D-and L-glutamate, and there are controversial results as to which enantiomer is the most suitable substrate for polymerization. [23] [24] [25] B. subtilis (natto) synthesizes PGA but also decomposes it into constituent glutamate monomers by gradual enzymatic degradation. 26) We have reported on gammaglutamyltransferase (GGT) of B. subtilis (natto), which is responsible for PGA degradation in the late stationary phase, 26) and suggested that strains lacking GGT function are suitable host cells for stable PGA production (Kimura and Itoh 2005, patent no. 3682435). The PGA yield can be enhanced by modifying the medium conditions, [27] [28] [29] but the PGA synthetase expression profile that controls PGA synthesis remains to be elucidated.
The two-component systems ComP-ComA and DegSDegU are known to be essential for the transcription of pgsBCAywtC. 30, 31) ComP-ComA globally regulates cell density sensing in the stationary phase, whereas DegSDegU regulates the expression of proteases and competence development in response to nutritional starvation. [32] [33] [34] [35] DNA microarray studies indicate that many genes are transcriptionally regulated by ComP-ComA and DegS-DegU in the B. subtilis 168 laboratory strain. 36) B. subtilis 168 is widely used in basic research, and is a PGA-negative strain even though it possesses the functional pgs operon, 31) making interpretation of the microarray data difficult from the viewpoint of PGA synthesis.
Between the pgsB and the 5 0 upstream neighbor gene (rbsR), there is an untranslated region (5 0 UTR) of 781 bp Abbreviations: PGA, poly-gamma-glutamate; UTR, untranslated region; GGT, gamma-glutamyltransferase (accession no. AB039950). The DegU might directly bind to the promoter region of the pgs operon as in the case of the protease genes aprE and bpr, but prediction of binding is difficult because the DNA-binding motif is ambiguous. 37) In this study, we employed the pgsB-lacZ fusion gene to monitor PGA synthetase expression and PGA production under various conditions. The regulatory region in the pgsB 5 0 UTR was studied by creating deletion mutations in the lacZ-fusion, and the transcription start point was determined by primer extension. Factors limiting PGA synthesis are also discussed.
Materials and Methods
Bacterial strains, plasmids, nucleotide primers, and media. The bacterial strains used in this study are listed in Table 1 . B. subtilis and Escherichia coli were cultured at 37 C in LB medium, 38) E9 without L-glutamate, and GSP containing 1.5% (w/v) glucose, L-glutamate, and papaic digest of soybean meal. 23, 39) Biotin (0.5 mg/ml) and amino acids (50 mg/ml) were added to the minimal medium when required. E. coli and B. subtilis transformed as described elsewhere 40, 41) were selected on LB agar plates with appropriate supplements and antibiotics, ampicillin (Ap, 100 mg/ml for E. coli), chloramphenicol (Cm, 20 mg/ml for E. coli and 10 mg/ml for B. subtilis), spectinomycin (Spc, 30 mg/ml for E. coli and 300 mg/ml for B. subtilis) and erythromycin (Erm, 100 mg/ml for E. coli and 1 mg/ml with 12.5 mg/ml of lincomycin for B. subtilis).
Determination of PGA. PGA was purified from culture supernatants by ethanol precipitation, as described previously.
39) The amount of PGA was determined by HPLC using an Asahipak GAF-7M gel filtration column (7:6 Â 300 cm, Showa Denko, Tokyo) and a standard curve was created from a known amount of purified PGA.
39)
Immunoelectrophoresis using anti-PGA antiserum was performed as described previously. 26, 42) PGA in the culture supernatant (0.5 ml) was precipitated by ethanol and dissolved in 0.2 ml phosphate buffer saline, and 3-ml samples were loaded onto gel for immunoelectrophoresis.
DNA isolation and sequencing. We extracted and purified chromosomal DNA and plasmids from B. subtilis as described elsewhere. 43) We purified the plasmid DNA by alkaline lysis 43) for sequencing and plasmid construction using Flex-Prep kits (GE Healthcare Bioscience, Piscataway) or a Midi-Kit (Qiagen, Hilden). The DNA sequence was determined using an ABI310 DNA sequencer and the Big-Dye terminator sequencing kit (Applied Biosystems, Foster City).
Cloning of pgsBCAywtC and degSU of B. subtilis (natto). A genomic DNA fragment containing pgsBCAywtC of the PGAproducing strain B. subtilis (natto) NAFM5 (pgsBCAywtC N ) was cloned as a 4.3-kbp BglII-BglII fragment from a -EMBL3 genome DNA library into the BamHI site of pHB201 (Bacillus Genetic Stock Center, http://www.bgsc.org/), a B. subtilis-E. coli shuttle vector, resulting in pNAG208, and the nucleotide sequence was determined (accession no. AB039950). A 4.5-kbp DNA fragment amplified by PCR with a primer pair, 5
0 -CAGCTTCGCCATCGCCGCTAT-GACACGCGT-3 0 and 5 0 -GCCCACTGCTGTTCGGCTGATCGCGG-TAGA-3 0 , and the genomic DNA of PGA non-producing strain B. subtilis 168 was used as a probe for screening of the library. The 4.5-kbp fragment containing pgsBCAywtC 168 was also cloned into pHB201 in the EcoRV site, and the nucleotide sequence was confirmed.
The -EMBL3 genome DNA library of B. subtilis (natto) was screened by plaque hybridization using the degS probe amplified from the B. subtilis 168 genomic DNA with the primer pair DegS5 0 NdeI 5 0 -CATATGAATAAAACAAAGATGGATTCCAAAG-3 0 (nt 4 to 28 of degS, NdeI site underlined) and DegS3
0 (complementary to nt 1,127 to 1,155 of degS, XhoI site underlined). A HindIII-HindIII yvyE3 0 -degSU fragment (2.7 kbp) was subcloned into plasmid pUC118.
44) The resulting plasmid was named pNAG401, and the nucleotide sequence was determined (accession no. AB176706).
Primer extension. Cells cultivated in E9 medium (100 ml) for 2 d were incubated in 15 ml of lysozyme solution containing 6 mg of egg white lysozyme/ml, 20% (w/v) sucrose, 50 mM Tris-HCl (pH 7.5), and 50 mM EDTA at 37 C for 3 min. The resulting protoplasts rapidly sedimented under centrifugation and were suspended in 10 ml of acetate-EDTA buffer (pH 4.8) containing 30 mM sodium acetate, 1 mM EDTA and 10 mM Tris-hydroxyaminomethane. Subsequently, total RNA was extracted with hot phenol. 45) For primer extension analysis, RNA samples (20 mg) were annealed with an oligonucleotide (5 0 -CGTCGTTTTTCTAATATTCCGATGACCAG-3 0 ; complementary to nt 34 to 62 of pgsB) labeled with 32 P at the 5 0 end using [-32 P]ATP (220 TBq/mmol; Amersham Bioscience, Piscataway) and T4 polynucleotide kinase (Toyobo Biochemicals, Osaka). A complementary strand was synthesized using AMV reverse transcriptase XL (Toyobo Biochemicals, Osaka) and resolved on a denatured 6% (w/v) polyacrylamide gel. Sequence ladders were generated using the BcaBest sequencing kit (Takara-Bio, Tokyo) with the oligonucleotide as the primer and the plasmid harboring the 4.3-kbp BglII-BglII fragment (pNAG208) as the template.
lacZ fusion genes. pgsB-lacZ translational fusion genes were constructed in pDG6013, a derivative of transcriptional fusion plasmid pDG1661. 46) The multiple cloning site of pDG1661 was exchanged with that of pME6013 45) to construct the translational fusion vector. A 814-bp fragment covering the entire intergenic region between pgsB and rbsR and the translation start codon ATG of pgsB was amplified by PCR with the primer pair 5
0 (PgsB-LacZ 3 0 , HindIII site underlined), and the genomic DNA of B. subtilis NAFM5. The amplified fragment was ligated to the HincII site of pUC118, 44) and the nucleotide sequence was verified. A deletion series of the insert was created after digestion of the plasmid with BamHI and SacI using a kit (Nippon Gene, Tokyo). HindIII-EcoRI fragments transferred to the same sites of pDG6013 were used to transform cells at the amyE locus by double cross-over recombination.
Construction of plasmids and mutants. To disrupt the pgs operon, a 0.23-kbp SacII-HincII internal fragment of pgsB was ligated to the SacII-SmaI site of pBluescript (KS+), and the Spc r cassette 47) (as the HincII-EcoRV fragment from pDG1726) was ligated into the unique EcoRV site. This plasmid was used to transform B. subtilis NAFM5 by single crossover recombination to create NAC51.
The degU gene was disrupted as follows: The kanamycin cassette of pDG780 47) was excised by SmaI-HincII digestion and inserted into the EcoRV site in the degU gene of pNAG401. Part of the degS gene, which was unstable when degU was disrupted, was removed by digestion of the resulting plasmid with StuI and SacI, and the 2.9-kbp fragment containing part of the degS, the Km cassette, and the disrupted degU was inserted into HincII-SacI in pUC118 to generate pNAG411. This plasmid was introduced into NAFM5 to generate NAFM104 (degU::Km). Exact disruption of degU was verified by Southern blotting. The NAFM65 (comP::Spc r ) was constructed as previously described. 26) Enzyme assays. -galactosidase activity was determined using cell extracts with o-nitrophenyl--galactoside as the substrate, and was expressed in Miller units. 48) Gamma-glutamyltransferase (GGT) activity was measured as described previously.
26)

Results
Transient expression of the pgsB-lacZ gene in the early stationary phase pgsB-lacZ fusion was not expressed during the log phase, and reached its maximum on the 3rd d of incubation in minimal E9 medium, followed by a gradual decrease in the late stationary phase (Fig. 1) . PGA accumulation in the medium showed a similar kinetic profile (Fig. 2) . pgsB-lacZ was not expressed in the log phase, but a small amount of PGA was detected. We inoculated a portion of the saturated preculture to a 1% volume, and the PGA synthetase of the cells from the pre-culture directed PGA synthesis. The rapid disappearance of PGA from the medium in the late stationary phase resulted from the decrease in the synthetase and PGA degradation by the GGT in the medium. 26) PGA in the late stationary phase showed a narrow rocket on immunoelectrophoresis (Fig. 2B) . PGA that becomes small due to the enzymatic degradation migrates faster than the intact form, and the precipitation area becomes dispersed. 42) When the degU or the comP gene was disrupted, pgsB-lacZ activity was not detected (<1 Miller unit) during the 7-d incubation (data not shown), confirming that PGA synthetase expression is strictly regulated by degU and comP.
30,31) The B. subtilis 168 lineage used in most laboratories and in genome analysis 49) lacks the ability to synthesize PGA, although it possesses a functional pgs operon (see below). PgsBLacZ fusion was not detected in this lineage (data not shown). Effects of nutrition and pgs-operon copy number on PGA production B. subtilis (natto) produces about 10 mg/ml of PGA in GSP medium, 10 times higher than in E9 medium. The time course of pgsB-lacZ fusion expression in the GSP medium was similar to the E9 medium, but LacZ activity was reduced ( Table 2 ). LacZ-fusion activity was not detected in a nutrient-rich LB medium in which B. subtilis (natto) does not produce PGA ( Table 2) .
The GSP medium contains glucose and L-glutamate. B. subtilis (natto) grew well when glucose or Lglutamate was added to the E9 medium, and entered into the stationary phase earlier than in E9 medium without them, although the OD 600nm in the stationary phase was only slightly higher ( Fig. 1, and data not  shown) . The addition of glucose or glutamate to minimal medium E9 stimulated PGA production, but pgsB-lacZ fusion expression level was reduced to about one-sixth and one-half respectively ( Table 2 ). The time course of pgsB-lacZ expression in the presence of glucose showed a profile similar to that in the presence of L-glutamate (data not shown). D-glutamate in the medium reduced both pgsB-lacZ expression and PGA production ( Table 2) .
The pHB201 E. coli-B. subtilis shuttle vector has an ori replicon from the B. subtilis plasmid pTA1060, and the copy number in B. subtilis cells is estimated to be 5.
50) The PGA synthetic operon pgsBCAywtC N , subcloned into pHB201 as a 4.3-kbp BglII-BglII fragment, was introduced into B. subtilis (natto) NAC51. The BglII-BglII fragment contains a 940-bp 5 0 upstream region of pgsB (781-bp 5 0 UTR and part of the rbsR gene) that is sufficient for operon expression (see below). Transformed cells produced equivalent amounts of PGA in the E9 medium (0.9 mg/ml) and in the GSP medium (12 mg/ml). The copy-number effect of the synthetase gene was minimal. Strain NAC51, harboring pgsBCAywtC 168 instead of pgsBCAywtC N on the plasmid, produced a comparable amount of PGA, and the D-glutamate content of the PGA produced was the same as in the wild-type natto strain (data not shown).
5
0 UTR required for optimal expression of pgsB-lacZ fusion
The upstream neighbor gene of the pgsB is rbsR (a putative transcription repressor gene of the ribose operon). 51) Deletion of the 5 0 UTR to À722 (translation start point = +1) did not affect LacZ-fusion expression, but deletion to À662 impaired lacZ fusion expression, and deletion to À497 abolished it ( Table 3 ), suggesting that the DegU or ComA binding site might be located in these regions. LacZ activity directed by the 5 0 UTR deleted to À662 or to À622 was reduced, but the expression time-course was the same as the lacZ-fusion with the full-length 5 0 UTR (data not shown). Total RNA was obtained from stationary-phase cells after 2 d of culture in the E9 medium, and the cDNA was synthesized with a primer complementary to the +34 to +62 of pgsB. The transcriptional start point was located at the guanine residue, 37-bp upstream from the ATG codon (Fig. 3) . Putative À10 (TATACT) and À35 (TTGAGA) sequences were observed at its likely position.
Discussion pgsB-lacZ was transiently expressed in the early stationary phase, but there was no association between PGA yields and the expression of the pgsB-lacZ fusion gene ( Fig. 1 and Table 2 ). Furthermore, multiplying the synthetase gene dosage by cloning the PGA synthetic operon on a multi-copy plasmid minimally enhanced PGA production, implying that the substrate supply for synthetase limits PGA synthesis. Our observation that D-glutamate inhibited PGA synthesis (Table 2) suggests that L-glutamate is the preferable substrate, at least in the strain we used in this study, and supports the results obtained from in vitro PGA synthesis. 20) Glucose stimulated PGA production more than Lglutamate, the possible substrate of polymerization. The glucose and L-glutamate metabolic pathways are linked at 2-oxoglutarate in the TCA cycle by glutamate dehydrogenase, glutamate synthase, and glutamate aminotransferase. 52) Because catabolic glutamate dehydrogenase is suppressed in the laboratory strain by adding glucose to the medium, the cellular glutamate pool might be affected by carbon flux. 52) Enhanced production of PGA in the presence of L-glutamate appears to be a synergy of GGT suppression 26) and the supply of substrate for PGA synthetase. GGT expression was not affected by adding glucose to the medium (data not shown).
A putative DegU-binding consensus sequence of 5 0 -GWCATTTW-3 0 (W is A or T) was proposed by Tsukahara and Ogura.
37) Deletion of 5 0 UTR to À662 or À497 caused a severe reduction in pgsB-lacZ expression, and nucleotide sequences similar to the consensus motif were seen from À652 to À667 (5 0 -GAaATTTAaggtTTTc-3 0 , tandem direct repeat, conserved nucleotides capitalized) and from À549 to À567 (tgCgTTTA-N6-TAAATGgt, inverted repeat with a six-nucleotide interval). These motifs might be the DegU-binding sites. Deletion of the 5 0 UTR to À662 reduced LacZ-fusion activity to 19 Miller units, and further deletion to À622 caused an increase in LacZ activity, to 48 Miller units. The latter half of the tandem direct repeat (from À652 to À667) remained in the deletion construct to À662, which may have interfered with the appropriate binding of DegU to the inverted downstream repeat. The ComA binding motif is defined more strictly than DegU.
53) The tripartite ComA-binding motif (5 0 -TTGCGGN 4 CCGC-AAN 5{8 TTGCGG-3 0 ) was not found. ComA perhaps regulates the pgsBCAywtC indirectly through DegQ, 31) which participates in DegU phosphorylation. 54) A cre (catabolite-responsive elements)-like motif located from À747 to À764 might be responsible for the glucose repression of pgsB-lacZ expression through CcpA function. 55) The guanine nucleotide at À37 in the 5 0 UTR appears to be a unique transcription start point of the pgs operon, because no other transcription start points were observed. The putative DegU-binding sites are far from the transcription start point. We did not explore the proximal region of the 5 0 UTR, which might be involved in the interaction of DegU and transcription machinery. These hypotheses require additional experimental elucidation.
There are 10 nucleotide substitutions in the pgsB 5 0 UTR of the B. subtilis 168 lineage (T to C at À2, A to T at À198, C to T at À212, A to G at À232, A to G at À263, C to A at À311, insertion of double A at À381, A to C at À432, T to G at À545, and G to A at À667, positions relative to translation start +1), but these changes appear to have no effect on promoter activity, because pgsBCAywtC 168 directed PGA synthesis in the B. subtilis (natto) cells, as did pgsBCAywtC N . In the laboratory strain, limitation of nitrogen regulates degU expression through GlnA and TnrA function.
35) The nucleotide sequence of the 2.7-kbp genome DNA fragment containing the degSU revealed that the nucleotide sequences of the degSU promoter region of B. subtilis (natto) NAFM5 were identical to the corresponding region of laboratory strain 168. The degSU coding region of B. subtilis NAFM5 has eight nucleotide substitutions, but only one amino acid change occurs at 624 of degU (Met to Ile) (accession no. AB176706). Perhaps the degU gene is regulated in both strains by the nitrogen source through GlnA and TnrA, but the fusion gene was expressed in a rich medium (GSP), which contains a papaic digest of soybean meal and glucose. Transcription factors other than DegU, which respond to the nutritional balance between the carbon and nitrogen G A T C Fig. 3 . Determination of the 5 0 End of the pgsB Transcript by Primer Extension. Total RNA was isolated from B. subtilis (natto) NAFM5 cultivated for 2 d in E9 medium. The RNA sample was annealed with a 32 P-endlabelled oligonucleotide primer complementary to nt 34-62 of pgsB to synthesize the cDNA with AMV reverse transcriptase. The synthesized cDNA was resolved on denatured polyacrylamide gels (6%) along with the sequence ladder of the relevant DNA region. The transcription start point (bold, indicated by an asterisk) and putative À10 and À35 sequences (underlined) in the pgsB promoter sequence are shown at the bottom. The translational start codon is capitalized.
source, might be involved in the regulation of the pgs operon.
Gamma-PGA production is not specific to B. subtilis (natto). We tested 49 natural isolates of B. subtilis belonging to different phage types 56) on GSP, E9, and LB agar plates. Among them, 27 strains were PGA positive under either condition, and 12 strains produced PGA on all three media. Four strains produced PGA on GSP and E9 but not on LB, like the natto strain. Three produced PGA on LB and E9 but not on GSP medium. Two produced PGA only on E9 medium and 5 only on GSP (Kimura unpublished result). Thus, PGA synthesis is regulated differently in these strains. The generalized application of results obtained in B. subtilis (natto) cannot be recommended when one employs environmental undomesticated B. subtilis for PGA production.
